The influence of an afterbody on an axisymmetric wake flow is investigated with two-component particle image velocimetry at a Reynolds number of Re D 6.7 · 10 4 based on the model diameter. The reattachment distance is found to vary from two to four step heights as the afterbody diameter is increased. Measurements performed on equivalent planar backward-facing step geometries reveal that the reattachment length scales similarly to a planar backward-facing step when the afterbody to main-body diameter ratio approaches unity. The distribution of turbulent normal and shear stresses reveals a progressive inhibition of the radial fluctuations for increasing afterbody diameter, whereas a proper orthogonal decomposition analysis highlights a concurrent weakening of the shear-layer flapping mode. For d∕D ≤ 0.4, the frequency spectrum of the time coefficient of the first proper orthogonal decomposition mode appears associated with the wake flapping motion and peaks in the range of St D 10 −3 − 10 −2 . This frequency is associated with the recirculating flow unsteadiness observed in the azimuthal plane of the wake. The configuration without afterbody features an additional contribution at St D 0.2, which is associated with vortex shedding. The current results reveal the dependence of low-frequency unsteadiness upon changes in the afterbody diameter. 
S EVERAL engineering applications related to aerospace vehicles involve turbulent separated flows past axisymmetric objects. The abrupt changes in the rear geometry of these so-called bluff bodies induce flow separation, which is accompanied by the formation of a free shear layer enclosing an inner region of low-speed recirculating flow. The flowfield established downstream of the base is usually referred to as the near wake of the body and has been the subject of numerous investigations.
Merz et al. [1] found that the recirculation region behind a truncated cylinder features strong pressure fluctuations, for which the frequency is inversely proportional to the speed of the incoming flow. Further experiments conducted by Wolf et al. [2] showed that the fluctuations of the separated flow were significantly reduced when an afterbody (i.e., a protrusion of smaller diameter than the main body and that may, e.g., model a propulsive nozzle) is added to the truncated base. The latter configuration is also referred to as an axisymmetric backward-facing step (BFS) and is often investigated at transonic flow conditions as a generic geometry modeling the afterbody configuration of space launcher vehicles. The wallpressure measurements conducted by Dépres et al. [3] for an axisymmetric BFS flow in the transonic regime revealed that the length of the afterbody with respect to the base diameter, indicated as L∕D, may cause either impingement of the separated shear layer onto the surface of the afterbody ("solid reattachment") or convergence of the separation streamlines with the formation of a stagnation point away from the body ("fluidic reattachment"), which has a substantial impact on the unsteady behavior of the separated flow. For planar geometries, Eaton and Johnston [4] and Jovic and Driver [5] observed that the reattachment length x r depended primarily on the step height h and on the thickness of the boundary layer at separation. A further dependence on the incoming flow speed was identified by Hudy et al. [6] , who showed that the reattachment position tended to shift downstream when increasing the step height-based Reynolds number Re h . Moreover, in view of the unsteady nature of the flow, the instantaneous reattachment position varied over time in both planar (Spazzini et al. [7] and Le et al. [8] ) and axisymmetric BFS flows (Deck and Thorigny [9] ).
Despite the similarities of planar and axisymmetric BFS flows, especially in the first half of the reattachment region (Eaton and Johnston [4] ), the comparison between the available data highlights substantial differences that are to be mainly ascribed to threedimensionality effects.
The current investigation focuses on the influence of the base geometry on the behavior of a separating and reattaching turbulent flow, with particular emphasis on the scaling of the reattachment length. The main objective of the present study is to determine to what extent the three-dimensionality of the object makes the axisymmetric reattachment process deviate from the planar case. Furthermore, it is of interest to assess the influence of the step height on the separated flow topology and on the development of the large-scale unsteadiness.
For this purpose, an axisymmetric BFS flow has been investigated experimentally by means of two-component particle image velocimetry (PIV). The step height has been varied by changing the afterbody diameter, whereas additional measurements have been conducted on equivalent planar BFS geometries in order to establish a comparison between the two-dimensional (2-D) and the axisymmetric flow behavior. Mean flow topology, velocity fluctuation statistics, and shear-layer development have been characterized for each test case. A snapshot proper orthogonal decomposition analysis (Sirovich [10] ) has been applied in order to characterize the large-scale fluctuations dominating the near-wake dynamics.
II. Experimental Apparatus and Technique

A. Flow Facility and Wind-Tunnel Model
The measurements were conducted in the low-speed wind tunnel (400 × 400 mm 2 cross section) of the Aerodynamics Laboratories of the Delft University of Technology. The freestream velocity was set at U ∞ 20 m∕s, resulting in a Reynolds number of Re D 6.7 · 10 4 based on the model diameter. For these conditions, the freestream turbulence intensity was 0.5% (Michelis and Kotsonis [11] ). The axisymmetric BFS model consisted of a cylindrical main body with an ogival nose (see Fig. 1 ) equipped with an afterbody, for which the length L was chosen to be 100 mm, (i.e., 2D), to ensure solid reattachment for all considered values of the afterbody diameter d (Dépres et al. [3] ). The model was installed on a system allowing for positioning control over three degrees of freedom: the yaw and the pitch could be finely adjusted with a precision of 0.1 deg, whereas positioning in the streamwise direction was accomplished through a traverse system. Carborundum particles of an 0.8 mm mean diameter were randomly distributed over a 10-mm-wide patch just downstream of the nose-to-body junction in order to ensure a fully turbulent boundary layer at the trailing edge.
The model was supported from the bottom by a 3-mm-thick vertical plate with sharp leading and trailing edges. The interference with the boundary layer developing over the main body was minimized by reducing the support thickness to 1.5 mm at its junction with the main body. The model was placed within an extension of the test section with Plexiglas walls, allowing for full optical access. The afterbody diameter was varied over the range d∕D f0; 0.2; 0.4; 0.6; 0.8g, corresponding to a nondimensional step height range of h∕D f0.5; 0.4; 0.3; 0.2; 0.1g, yielding step-height-based Reynolds numbers Re h from 6700 to 33,000.
Additional measurements were performed on a planar BFS geometry consisting of a 25-mm-thick and 400-mm-wide plate with an elliptical nose (see Fig. 2 ). For this configuration, the step height was varied between h∕D 0.1 and h∕D 0.4, where in this case, D refers to the diameter of the axisymmetric model. The model length and tripping strip were chosen to ensure that the properties of the separating boundary layer were the same as in the measurements conducted on the axisymmetric geometry. The extension of the step downstream of the trailing edge prevented the occurrence of downstream effects on the development of the separated flow (Spazzini et al. [7] ). An overview of the experimental parameters relevant for the current experiments is provided in Table 1 .
B. Measurements Apparatus and Procedure
Two-component particle image velocimetry measurements were performed in a plane aligned with the freestream flow and containing the model symmetry axis (see Fig. 3 ). The region of interest spanned from 1 cm upstream of the separation point up to approximately 1.5 cm downstream of the largest reattachment distance found in the present study. The flow was uniformly seeded by a SAFEX smoke generator with droplet tracers of 1 μm in diameter at a typical concentration of 5 particles∕mm 3 . Illumination was provided by a Quantronix Darwin Duo Nd-YLF laser (2 × 25 mJ∕pulse at 1 kHz) producing a light sheet thickness of 2 mm in the region of interest. The light scattered by the particle tracers was recorded by Photron FastCAM SA1.1 CMOS cameras (maximum resolution of 1024 × 1024 pixels, with 20 μm pixel pitch) equipped with a 105 mm Nikkor objective with the aperture set to f # 2.8.
Measurements of the truncated base model (i.e., without afterbody) were performed with a single camera imaging a field of view (FOV) of 100 × 70 mm. The resulting magnification factor of M 0.26, and the imaging resolution was 12 pixels∕mm. When the afterbody was added to the base model, an additional camera was placed on the opposite side of the illuminated plane (see Fig. 3b ) to enhance the spatial resolution. The FOV of each camera measured approximately 55 × 55 mm and was overlapped by a small region to ensure an accurate stitching of the images during postprocessing. The magnification factor for this configuration was M 0.34, yielding a digital imaging resolution of 16 pixels∕mm. Measurements on the planar BFS geometry were performed with a similar arrangement, with the two FOVs being 80 mm in length and resulting in a magnification factor of M 0.27 and a digital resolution of 13.5 pixels∕mm. The magnification factor and digital spatial resolution were enhanced for the smallest step height planar configuration up to M 0.4 and 20 pixels∕mm, respectively, using only one camera imaging a 50-mm-long region.
The alignment of the model with respect to the freestream flow was verified through preliminary measurements conducted on the truncated base configuration, for which the topology is known to be highly sensitive toward angular misalignments (Wolf et al. [12] and Klei [13] ). A total of 2000 double-frame images acquired at a recording rate of 100 Hz was used for the statistical characterization of the flow, whereas timescale information on the flow dynamics was extracted from additional data recorded at a recording rate of 2 kHz. Smaller data ensembles of 500 image pairs were acquired for the planar test cases at an acquisition frequency of 100 Hz. The illumination and recording systems were synchronized with a LaVision high-speed controller hosted by a PC using Davis 8.1 software.
C. Data Processing
The recorded images were preprocessed in order to reduce the effects of light reflections from the model surface and background intensity. The intensity of each pixel was then normalized using its time-averaged value along the sequence. The residual background intensity was further reduced by subtracting the minimum computed over a temporally sliding kernel of 11 images. An example of a raw and a preprocessed image is presented in Fig. 4 . The wall location could be identified from the preprocessed images with an uncertainty between 0.24 and 0.6 mm for the different cases considered, which in the present investigation affected the computation of the boundarylayer integral parameters and the determination of the reattachment distance. An iterative multigrid spatial cross-correlation algorithm implemented in Davis 8.1 based on window deformation (Scarano and Riethmuller [14] ) was used for image interrogation. The final size of the interrogation window was set to 16 × 16 pixels (corresponding to 0.94 × 0.94 mm and 1.23 × 1.23 mm for the measurements performed with and without the afterbody, respectively). The window overlap in the final pass was 75%, resulting in a vector spacing of 0.24 mm (0.31 mm for the truncated base). The vector field was postprocessed by detecting spurious vectors using a median filter (Westerweel and Scarano [15] ). The measurement reliability was assessed through inspection of the map of the cross-correlation signal-to-noise ratio, for which the mean value resulted to be above three for the present measurements.
The uncertainty on the instantaneous value of the velocity associated with the digital cross-correlation technique was estimated as ε u ε cc ∕k dt (Humble [16] ), where ε cc was the contribution from the cross-correlation algorithm and k and dt were, respectively, the digital imaging resolution in pixels per millimeter and the time separation between two frames. For the present measurements, ε cc was considered equal to 0.1 pixels, yielding a baseline uncertainty of approximately 1.5% of the freestream velocity. The uncertainties in the determination of the statistical quantities due to the finite size of the data ensemble were estimated according to Benedict and Gould [17] .
The main uncertainties contributions affecting the present measurements are listed in Table 2 .
III. Results
A. Boundary-Layer Profile
The boundary-layer profile 5 mm upstream of the main-body trailing edge was analyzed in order to assess the initial conditions for the separated shear layer. The sum of correlation approach (Meinhart et al. [18] ) with a final interrogation window of 16 × 4 pixels stretched in the horizontal direction was used in order to enhance the spatial resolution, resulting in a vector pitch of 4 pixels (i.e., 0.24 mm) in the wall-normal direction.
The mean boundary-layer profile is shown in Fig. 5 . The velocity data for the current measurements were available up to y 0.3 mm (i.e., y∕δ 95 0.06), where the streamwise component was approximately 33% of the freestream value. Limited spatial resolution and laser light reflections from the model surface prevented the measurements to be accessible below this point.
The thickness of the boundary layer is herein identified with the y position, where the velocity reaches 95% of the freestream value and is determined to be δ 95 4.8 mm. The boundary-layer integral parameters, computed with a linear extrapolation of the velocity profile to the wall, are provided in Table 3 , together with the uncertainty values associated to the wall identification error.
B. Time-Averaged Flowfield
The present investigation focuses on five different axisymmetric BFS configurations obtained through progressive increase of the afterbody diameter, from a diameter ratio d∕D 0, which case corresponds to the truncated-base configuration without afterbody, up to a value d∕D 0.8, where the main-and rear-body diameters are comparable. Throughout the discussion, the spatial coordinates x; y; z are normalized using the main-body diameter D or, alternatively, the step height h when appropriate; whereas the velocity components u; v; w are normalized with respect to the freestream velocity U ∞ . The origin of the coordinate system is located at the center of the base of the model main body. Figure 6 shows the time-averaged velocity field found for the different configurations. For the truncated base, the reattachment point corresponds to the rear-stagnation point, whereas for all other configurations, it is identified as the first location along the afterbody surface where the longitudinal velocity changes from negative to positive. The first situation is referred to as point of fluidic reattachment. The backflow region is highlighted through a white contour line to facilitate the visualization. For d∕D 0 (Fig. 6a) , the mean streamlines indicate flow reattachment at the rear-stagnation point located at x∕D 1.2. The near wake features a toruslike vortex with the core (focus) located in the xy plane at x∕D; y∕D 0.60; 0.37. The backflow attains a maximum intensity of 0.3 U ∞ at x∕D 0.7. A good agreement is found with the experimental results of Wolf et al. [2] , who reported the fluidic reattachment at x∕D 1.25 and a backflow velocity peak of 0.32U ∞ at x∕D 0.75. Adding an afterbody of a relative small diameter (d∕D 0.2) to the truncated base does not produce a significant alteration of the mean topology in terms of the vortex location and reattachment point. However, the reattachment distance progressively decreases with increasing afterbody diameter, up to a minimum of 0.4D for the largest afterbody tested: d∕D 0.8. This is accompanied by a corresponding reduction of the shear-layer curvature and shrinking of the backflow region. The aforementioned process is accompanied by the appearance of a secondary (counterrotating) recirculation region near the junction between the main body and the afterbody, which becomes comparable in size to the main recirculation region for d∕D 0.8. The development of such a secondary vortex region has been reported in previous studies on both axisymmetric (Deck and Thorigny [9] , Wolf et al. [2] , and Hudy et al. [6] ) and planar (Spazzini et al. [7] ) BFS flows, and it is found to be characterized by a cyclic process of growth and decay over length scales in the order of the step height h. The topology of the streamlines returning from the rear-stagnation point toward the base shows a small degree of asymmetry, suggesting a small model misalignment with respect to the freestream flow. This effect has been found to quickly compromise the symmetry of the near-wake topology, already for angular misalignments as large as 0.3 deg (Wolf et al. [12] and Klei [13] ). In the present study, angular misalignments above 0.2 deg were found to offset the stagnation point on the base of approximately 0.1D with respect to the model symmetry axis. Table 4 provides an overview of the values of the reattachment length found in the different test cases. The values obtained for the equivalent planar geometries as well as values extracted from former studies (Wolf et al. [2] , Hudy et al. [6] , and Spazzini et al. [7] ) are reported for comparison. Figure 7 shows the reattachment distance scaled with the step height, x r ∕h, as a function of the diameter ratio d∕D. Note that, whereas the reattachment distance decreases in absolute sense for increasing diameter ratio, when the step height is used as a scaling parameter, the reattachment distance increases from 2.4h to 4.2h. The data of Wolf et al. [2] show the same trend, with a good quantitative agreement. The results of Hudy et al. [6] suggest an important influence of the Reynolds number, which in that study was varied by changing the flow speed at a constant value of the step height. This then also changes the boundary-layer properties at the location where the flow separates.
A comparison between planar and axisymmetric flow reattachments is presented in Fig. 8 , where the reattachment distance is displayed as a function of the Reynolds number Re h . For the present experiments, larger values of Re h (i.e., larger step heights) are found to promote the reattachment in the axisymmetric case, whereas they delay it in the planar case.
For step heights below a certain value (i.e., h∕D ≤ 0.2 or d∕D ≥ 0.6), the reattachment lengths of planar and axisymmetric configurations appear to scale similarly, thus reflecting a diminishing influence of the axial symmetry of the base geometry. The data extracted from Hudy et al. [6] outline a behavior that shares more similarities with the planar geometries considered in both the present investigation and the study of Spazzini et al. [7] . This seeming discrepancy reflects the circumstance that, in the study of Hudy et al. [6] , the Re h is increased by increasing the flow speed. Thus, for the planar geometries, as well as for the axisymmetric one with a constant diameter ratio, the scaling of the reattachment length is governed by the Reynolds number, with a consequent reduction of the thickness of the separating boundary layer and an increase of the reattachment distance (Eaton and Johnston [4] ). The present axisymmetric data, on the other hand, were achieved at a constant flow speed and varying afterbody-to-base diameter ratio, and are hence dominated by the axisymmetric geometry effect.
C. Shear-Layer Development
The streamwise evolution of the shear layer has been extracted from the time-averaged velocity field. For this purpose, the vorticity thickness is computed according to the definition by Smits and Dussauge [19] :
where ΔU is the maximum velocity difference, and ∂Ux; y ∂y x is the velocity gradient across the shear layer at a given station. The streamwise evolution of the vorticity thickness representative of the shear-layer growth is shown in Fig. 9 . For all configurations considered, the shear-layer thickness increases at a nearly constant rate, with its growth ceasing in proximity of the reattachment. The rate of increase of the vorticity thickness is determined to be dδ ω ∕dx ∼ 0.27 for all configurations, thus showing no dependence on the diameter ratio. A slightly lower value of dδ ω ∕dx ∼ 0.2 has been reported for a transonic base flow by Schrijer et al. [20] for a configuration with d∕D 0.4. This difference in shear-layer growth can be attributed to compressibility effects (Slessor et al. [21] ).
D. Velocity Fluctuations Statistics
The spatial distributions of the Reynolds normal and shear stresses are examined in connection to the flow unsteadiness. The color contour plots of the longitudinal and vertical turbulence components corresponding to the normal stresses < u 02 > 1∕2 and < v 02 > 1∕2 are shown in Figs. 10 and 11 , respectively.
The color contours show the intensification of the longitudinal fluctuations along the mixing layer. The peak values are found to decrease from 0.18U ∞ to 0.13U ∞ when increasing the afterbody diameter. The peaks of the vertical fluctuations are concentrated in proximity of the reattachment in a region located close to the wake axis in the truncated-base case and close to the wall in presence of an afterbody. The peak values of the vertical fluctuations decrease from 0.19U ∞ to 0.10U ∞ with increasing afterbody diameter, revealing a pronounced sensitivity toward changes in the base geometry. This behavior reflects the obstruction by the afterbody toward the radial motion of the shear layer and is in good agreement with the 25% reduction in turbulence intensity reported by Wolf et al. [2] for increases in the diameter ratios between d∕D 0 and d∕D 0. The distributions of the Reynolds shear stresses < −u 0 v 0 > are reported in Fig. 12. For the truncated afterbody geometry (d∕D 0) , only the half-plane y∕D > 0 is displayed to ease the comparison between the different cases. The color contours outline distributions analogous to the ones shown in Fig. 10 . The peak values are concentrated in the mixing layer and are found to reduce from 0.016U 2 ∞ to 0.009U 2 ∞ with increasing diameter ratios.
E. Proper Orthogonal Decomposition
A snapshot proper orthogonal decomposition (POD) analysis has been carried out in order to identify the organization of the most dynamically significant fluctuations in the near wake. This methodology is based on a preliminary Reynolds decomposition of the instantaneous velocity ux; t, available from the PIV snapshots, into a time-averaged component Ux and a fluctuating component u 0 x; t as follows:
The fluctuations derived from the decomposition are further decomposed into orthogonal spatial functions ϕ k x and temporal coefficients c k t:
The POD modes ϕ k x in Eq. (3) are obtained from a singular value decomposition (SVD) of the autocorrelation matrix:
as the eigenvectors of the problem, whereas the associated eigenvalues λ k represent the contributions of the single modes to the total turbulent kinetic energy. The temporal coefficients c k t are obtained through projection of the fluctuating field onto the basis of the POD modes ϕ k x:
The SVD ensures that the modes are sorted in descending order according to their intensity, whereas the spatial functions are normalized such that kϕ k xk 1. For more details on the mathematical background of POD, the reader is referred to Sirovich [10] and Berkooz et al. [23] . Figure 13 shows the relative strength of the first 10 POD modes in terms of the associated POD eigenvalues. For all the cases herein considered, the POD analysis was extended over a domain spanning over approximately 1.5D in the longitudinal direction and 0.6D in the vertical direction. For the truncated base, the decomposition considered the half-plane y ≥ 0 to compare on domains of equal size.
The spectra outline a progressive decrease in the relative turbulent kinetic energy content of the low-order modes with increasing afterbody diameter (i.e., smaller step height). Such a behavior is indicative of a decrease in large-scale organization from the scale of the afterbody diameter to that of the step height. In particular, mode k 1 captures almost 16% of the total turbulent kinetic energy of the flow in absence of a central protrusion and decreases in importance as the afterbody diameter is increased. In this respect, for the configuration with d∕D 0.8, the contribution of the first mode has reduced to approximately 4.5% and no dominant mode can be identified in the spectrum. An overview of the energy contributions of the first three modes is given in Table 5 .
The spatial distribution of the first POD mode k 1 is shown in Fig. 14 . The color contours of the longitudinal component of the mode define a region of intense fluctuations, with peaks attained in proximity of the reattachment, whereas the in-plane vectors indicate the occurrence of a nearly vertical upward motion close to the wall. Such a concentration of streamwise momentum is commonly associated with a flapping motion of the shear layer (Wolf et al. [2] Fig . 12 Reynolds shear-stress contours and time-averaged reattachment streamline for increasing d∕D. Fig. 13 Energy distribution over the POD modes.
and Schrijer et al. [20] ). A decrease in the relative contribution of this first mode can be observed for increasing d∕D, which reflects inhibition of the radial fluctuations of the shear layer due to the presence of the afterbody. The spatial distributions of the modes k 2 and 3 are reported in Figs. 15 and 16 , respectively. The two modes feature a succession of high and low streamwise momentum regions, for which the extension increases with increasing step height. The alternating of upward and downward motions outlined by the in-plane vectors is associated with shear-layer undulation. Their relatively similar energy contributions, particularly for large diameter ratios (see Fig. 13 ), suggests that the combination of these two POD modes represents a convective mode. For d∕D 0.4, a similar interpretation is provided by Schrijer et al. [20] .
The present analysis is concluded by examining the frequencies involved in the most energetic fluctuation modes, as identified with the POD. For this purpose, the measurements acquired at a higher repetition rate are also used. The power spectral density distributions of the first time coefficient c 1 t associated with the flapping mode are presented in Fig. 17 . For conciseness and clarity, only three representative configurations (respectively, d∕D 0, 0.4, and 0.8) are reported here.
A significant contribution is displayed for d∕D ≤ 0.4 in the very low nondimensional frequency range of St D 10 −3 − 10 −2 , which has been recently linked to an unsteadiness of the recirculation region involving a meandering around the azimuth (Rigas et al. [24] , Grandemange et al. [25] , and Gentile et al. [26] ) and is now acknowledged as a major feature of the turbulent bluff-body wake. Although this phenomenon cannot be appreciated in the present study due to the orientation of the measurement plane, additional measurements performed in the azimuthal plane of the wake confirm its persistence in the presence of cylindrical protrusions with d∕D ≤ 0.4 (Gentile et al. [27] ). For the truncated base configuration, a small peak is also identified at the shedding frequency of St D 0.2, which disappears when an afterbody is added to the base, thus indicating the interference of the afterbody with the shear-layer development.
IV. Conclusions
The influence of the base geometry on the behavior of the turbulent separated flow over an axisymmetric backward-facing step was investigated at a diameter-based Reynolds number of Re D 6.7 · 10 4 using two-component particle image velocimetry. The afterbody to main-body diameter ratio d∕D was progressively increased from a truncated-base configuration (i.e., no afterbody) up to a geometry where the base and protrusion diameters were comparable. The mean velocity field showed that increasing the afterbody cross section reduced the extension of the separated region and induced the growth of a secondary counter-rotating vortex at the junction between the base and the afterbody. Scaling of the reattachment distance with the step height, however, revealed an increase in the reattachment distance from 2.5h to 4.2h. Additional measurements performed on comparable planar geometries produced an opposite scaling behavior, where the nondimensional reattachment x r ∕h increased from 5h to 6h. For sufficiently small values of the step height, the reattachment length of planar and axisymmetric mixing layers approached similar values, thus indicating a decreasing influence of the axial geometry on the behavior of the separated flow.
The normal and Reynolds shear-stress distributions show a substantial weakening of the turbulent fluctuations associated with the shear-layer development, particularly for those in the vertical direction, which reflects the inhibition of the radial motion of the shear layer by the afterbody. POD analysis further shows a progressive reduction of the flapping-mode contribution k 1 with increasing diameter ratio. For d∕D ≤ 0.4, the mode pair k 2, 3 can be identified with a convection mode linked to the shear-layer undulation. For d∕D ≤ 0.4, the analysis of the power spectra of the first POD time-coefficient indicates a significant contribution of the flapping mode in the nondimensional frequency range of St D 10 −3 − 10 −2 , which is associated with a very-low-frequency instability of the backflow region in the azimuthal plane. A second contribution is visualized at St D 0.2 and is associated to vortex shedding. The comparison of the data for the different geometries allows the general conclusion to be drawn that the flow organization and low-frequency unsteadiness associated with the shear-layer development are significantly influenced by changes in the afterbody geometry, although the separated flow preserves its major features in the presence of a central protrusion for d∕D < 0.4. Fig. 16 Spatial POD mode k 3. In-plane components Φ x ∕U ∞ and Φ y ∕U ∞ plotted every 10th grid point for clarity. Fig. 17 Power spectral density of POD time coefficient c 1 t for different d∕D: low-repetition rate measurements (solid line), and highrepetition rate measurements (dashed line).
